Its height dependence highlights the importance of better constraining modelsimulated aerosol vertical distributions with satellite and field measurements.
1. Introduction Figure 1 shows the responses of zonal mean temperature and zonal wind to BC at different lev-137 els. In general BC heats the troposphere by absorbing solar radiation, and the maximum warming 138 occurs at heated altitudes. The temperature increase due to BC at higher altitudes is much stronger.
139
Upper (σ = 0.38) and mid-(σ = 0.60) tropospheric BC yields a maximum warming of ∼6 K and 140 ∼3 K, respectively, while the temperature change due to boundary layer (σ = 0.90) BC is less 141 than 1 K. The magnitude of warming decays away throughout the troposphere, which stabilizes 142 (destabilizes) the atmosphere below (above) the heating layer. The tropospheric warming pene-
143
trates to lower altitudes more in the mid-latitudes than in the low and high latitudes, indicating 144 that the atmosphere responds differently in the three distinct dynamical regimes. More specifi-145 cally, the tropical air temperature is under strong control of the surface temperature through moist 146 convection; the latter is fixed in our simulations. The stable polar atmosphere is not conducive to vertical mixing. A detailed discussion of the mid-latitudes will be given later. and boundary layer BC is more effective at exciting surface polar amplification. Free tropospheric
149
BC also results in cooling in the polar stratosphere and warming near the tropopause in the tropics.
150
These non-local responses may result from the stratospheric residual circulation change, which is 151 out of the scope of this paper.
152
Upper tropospheric BC has a strong effect on both the subtropical jet and the eddy-driven jet, 153 which merge together in the climatological control run (Figure 1d ). There is an appreciable weak- to mid-latitude BC is more prominent than that in the globally uniform case in the Southern sphere. This is mainly because high-latitude BC has an opposite effect, reducing zonal wind on the (Figures 7a,b) . Overall, the poleward energy flux by transient eddies de-217 creases by about 14% (5%) at mid-latitudes due to upper (mid-) tropospheric BC. In the Northern layer BC is not statistically significant in most places (Figures 6c and 7c) .
224
Since the poleward eddy transport of energy at mid-latitudes can be thought of as turbulent dif- 
263
When BC is added in the free troposphere, the most important sources of heating rate changes The energy balance change due to boundary layer BC is very different. The warming at ∼900 277 hPa stabilizes the boundary layer, and thus suppresses turbulent diffusion of sensible heat and 278 shallow convection. As a result, the increased SW absorption in the heating layer is mainly damped 279 by subgrid vertical diffusion and a decrease in convective heating. Below the heating layer, LW 280 cooling becomes stronger and is balanced by the resulting increase in latent heat release by large- In order to further understand why the temperature response to upper tropospheric BC is much 293 stronger, we examine how the change in dynamical advection due to free tropospheric BC occurs.
294
The advection of sensible heat (DY ) can be divided into contributions from the mean meridional 295 circulation and eddies (both stationary and transient):
Here v is the meridional wind, ω the vertical pressure velocity, T the temperature; a is the radius 297 of the Earth, φ the latitude, p the pressure, R the gas constant, C p the specific heat capacity of which cancel out when averaged over mid-latitudes.
312
In Section 3.3 we have shown the dominant balance between dynamical advection and SW
313
heating. Neglecting the small terms in Eq.
(1) and using potential temperature (θ ) instead of 314 temperature to simplify the equation, we have:
where Q is the heating rate by BC-induced SW absorption and the angle brackets denote a hor- 
where {Q} = 
323
It is tempting to relate the change in vertical eddy heat flux to the change in static stability as our 324 ultimate goal is to understand the temperature response. In the interior of the extratropical tropo-325 sphere, the total eddy heat flux is roughly aligned along the mean isentropes (Held and Schneider 326 1999). In the pressure coordinate this can be written as: 
Since the atmosphere is perturbed by globally uniform BC at a certain level in this study, one 331 would expect the change in meridional temperature gradient ( ∂ y θ h ) is small. It can be seen in 332 Figure 1 that the temperature response at mid-latitudes does not has much meridional difference 333 at mid-latitudes. More detailed calculations show that the change in ∂ y θ h due to upper (mid-
334
) tropospheric BC is less than 5% (1%) when averaged over mid-latitudes, despite some spatial 335 variations within the mid-latitudes. If the changes in D is also small, the perturbation of the vertical 336 eddy heat flux can be approximated as:
where
is the isentropic slope. We use the change in bulk static stability below the heating 338 level to approximate the stratification change at the heating level; that is,
with the subscript s denoting the surface. We further neglect the change in surface temperature 340 since SST is fixed; that is, δ θ s = 0. Eq. (6) then becomes:
Combining Eq. (3) and Eq. (7) yields:
Eq. (8) shows that temperature change due to a certain amount of heating is determined by the 343 diffusivity, the isentropic slope, and the pressure difference between the surface and the heating 344 level. Both the diffusivity and the isentropic slope have a vertical structure with lower values at 345 higher altitudes (Chen and Plumb 2014), while the pressure difference is larger for a forcing at 346 higher altitude. As a result, all three factors contribute to a stronger temperature change due to 347 heating in the upper troposphere.
348
The above analysis highlights the role of baroclinic eddies in re-establishing atmospheric energy of temperature change increases with height before reaching its maximum at the heating level.
358
The temperature change due to upper tropospheric heating is 2.4 (1.9) times of that due to mid- side. This will not affect the qualitative conclusion that heating at higher altitudes yields a stronger 381 temperature response.
382

Discussion and conclusions
383
The GFDL AM2 is used to examine the extratropical atmospheric-only response to global uni- 
